An equilibrium needs to be established by the cellular and acellular components of the ovarian follicle if developmental competence is to be acquired by the oocyte. Both cumulus cells (CCs) and follicular fluid (FF) are critical determinants for oocyte quality. Understanding how CCs and FF influence oocyte quality in the presence of deleterious systemic or pelvic conditions may impact clinical decisions in the course of managing infertility. Given that the functional integrities of FF and CCs are susceptible to concurrent pathological conditions, it is important to understand how pathophysiological factors influence natural fertility and the outcomes of pregnancy arising from the use of assisted reproduction technologies (ARTs). Accordingly, this review discusses the roles of CCs and FF in ensuring oocyte competence and present new insights on pathological conditions that may interfere with oocyte quality by altering the intrafollicular environment.
Introduction
A healthy intrafollicular environment supports the acquisition of developmental competence in oocytes [1] , largely via the coordinated contributions of cumulus cells (CCs) and follicular fluid (FF) [2] . An oocyte is considered competent when it is able to complete meiosis and undergo fertilization, embryogenesis, and term development [1] . An understanding of how CCs and FF influence the acquisition of oocyte competence and protect the oocyte from deleterious systemic and pelvic conditions is important for clinical decision-making in the management of infertility. Disruption of the intrafollicular environment under different pathological conditions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] has the potential to impact the chance of pregnancy if not treated and/or adjusted in a timely manner. This paper discusses how CCs and FF (and their functional integrity) affect oocyte quality in the context of commonly encountered pathological conditions that are likely to compromise the sustainable environment that is needed to obtain pregnancy. Understanding how these pathological conditions may interfere with natural fertility and pregnancy/live birth rates in assisted reproduction technologies (ARTs) may inform future clinical practice.
Cumulus cells-oocyte interactions and their role in the acquisition of oocyte competence
During folliculogenesis, granulosa cells are in constant communication with the oocyte, and the two cell types undergo bidirectional nutrient transfer and paracrine signaling [13] [14] [15] . This intercellular communication is essential for follicular compartment development, oocyte maturation, and competence acquisition [2, 16, 17] . The oocyte becomes fully competent when it completes meiosis (from prophase I to metaphase II) and is able to be fertilized to generate a viable embryo [1] . In antral follicles, CCs contribute to metabolic support and maintaining meiotic arrest in the growing oocyte [13, 15, 18] . In vitro culture of denuded oocytes causes abnormalities in nuclear and cytoplasmic maturation, but these changes are prevented when denuded oocytes are cocultured with CCs [19] . At the same time, some oocytesecreted factors mediate the metabolism, maturation, and survival of CCs [17] . The intercellular dialog occurs through two major mechanisms: gap junctions and paracrine signals [18] (summarized in Table 1 and Fig. 1 ).
Gap junctions are intercellular membrane channels that are formed by connexins; when connected to connexins of an adjacent cell, they form solute-permeable channels [20] . In the follicle, CCs are connected to the oocyte by connexin 37 (Cx37)-formed gap junctions that reach through the zona pellucida and to each other by connexin 43 (Cx43)-formed gap junctions [20, 21] . These gap junctions enable the transfer of small molecules from CCs to the oocyte; the relevant small molecules include ions, cyclic nucleotides (cAMP, cGMP), metabolites, amino acids, and RNA transcripts, all of which contribute to meiosis, ATP production, and the pH balance in the oocyte [18, 21, 22] . This communication is also important for the differentiation of CCs [23] .
Intrafollicular paracrine signaling is active throughout oogenesis and plays a critical role during follicular growth and maturation [13] . It occurs through specific receptors and signaling pathways [24] [25] [26] [27] and is modulated by circulating endocrine factors, such as follicle stimulating hormone (FSH) [28] , and by growth factors, including members of the transforming growth factor beta (TGF-β) superfamily [29] . The paracrine signaling that moves from CCs to the oocyte supports meiotic resumption, enables nuclear and cytoplasmic maturation, and controls transcriptional activity [18, 30] . In this sense, the growth of the follicle and oocyte is enhanced by the KIT pathway, which consists of a soluble KIT ligand isoform (KITLG1) and the CC-expressed membrane-bound isoform (KITLG2), which acts on oocyte KIT tyrosine kinase receptors in the plasma membrane [18, 24, 25, 31] . The activation of these receptors induces molecular events that dictate oocyte growth and granulosa cell proliferation [23] . The paracrine signaling that moves from the oocyte to the CCs was first demonstrated in vitro by experiments in which oocytes were removed from cumulus-oocyte complexes (COCs) and the somatic cells were cultured alone. This resulted in granulosa cell luteinization, altered steroid production [32] , reduced hyaluronic acid synthesis [33] [34] [35] , reduced CC mucification [34] , and reduced cumulus expansion [33] compared to intact COCs subjected to in vitro culture. Moreover, the evidence suggests that the female gamete induces CC gene expression, regulates follicle growth and atresia, and modulates the metabolism, differentiation, proliferation, apoptosis, and luteinization of CCs. This occurs through secreted factors that act on CCs. The two best-studied oocyte-secreted factors are growth differentiation factor 9 (GDF-9) and bone morphogenetic protein 15 (BMP-15) [24, 27, 36, 37] . GDF-9 is present in mouse follicles from the primary to ovulatory stages [16] and affects CC expansion by inducing the expression of genes such as Has2, Tnfip6, Ptx3, and Ptgs2 [38, 39] in the adjacent somatic cells. The involvement of BMP-15 in CC proliferation and metabolism is generally accepted; given that BMP-15 plays a role in ovulation, however, there is some question as to whether its main action occurs before [26, 40] or after [41, 42] the LH surge. Studies have shown that, in rodents, BMP-15 acts together with GDF-9 and is involved in cell proliferation [43, 44] , glycolysis, cholesterol biosynthesis [26, 45] , and the regulation of cGMP levels [15] . Interestingly, the paracrine interaction between oocytes and CCs appears to represent a negative feedback system between the oocyte and the [46] . GDF-9 mutant ovaries were found to exhibit increased mRNA levels of Kitl, suggesting that GDF-9 downregulates Kitl [39] . Another interesting observation is that there is an interaction between gap junctions and paracrine signaling in the ovaries. It seems that the arrangement of connexins may alter the response of CCs to paracrine signals, and that paracrine factors may influence the organization of connexins between CCs [47, 48] , thereby potentially impacting folliculogenesis and oocyte competency. Gittens et al. (2005) [48] found that mice with Cx43-null mutant ovaries and consequent loss of gap junctional coupling among granulosa cells (GCs) exhibited an alteration in their in vitro response to exogenous GDF-9 and a subsequent reduction in GC b During follicular development, granulosa and thecal cells secrete VEGF, which stimulates follicular angiogenesis to form a complex vascular network. The endothelium, sub-endothelial basement membrane, thecal interstitium, follicular basement membrane, and membrane granulosa constitute the blood-follicle barrier, which restricts the transcellular transport of molecules between the blood and follicular fluid based on molecular size. The constitution of follicular fluid is altered under many conditions (e.g., age, oocyte maturation stage, and blood supply/ flow), and this can negatively impact oocyte maturation and oocyte quality. c Cumulus cells (CCs) express the soluble and membrane-bound isoforms of KIT ligand (KITL), which acts on oocyte KIT tyrosine kinase receptors (KITr) to enhance oocyte growth. The oocyte secretes growth differentiation factor 9 (GDF-9) and bone morphogenic protein 15 (BMP-15), which regulate CC proliferation, differentiation, glycolysis (Gly), and cholesterol synthesis (CS). Meanwhile, CCs provide pyruvate, lactate, and products of the cholesterol biosynthetic pathway to the oocyte via gap junctions to support the production of ATP in the oocyte. CCs also transfer ions, cyclic nucleotides (cAMP and cGMP), metabolites, amino acids, and RNA transcripts via gap junctions to the oocyte to support meiosis and help maintain the pH balance of the gamete. [41, 42] , the relationship between BMP-15 and Cx43 downregulation, perhaps, could explain how the gap junctions between CCs decrease at that moment. Importantly, CCs support energy production in the COC [49] [50] [51] . Oocytes have a poor capacity for glycolysis and cholesterol synthesis [52] , but work in a mouse model showed that they secrete GDF-9 and BMP-15 to regulate these events in CCs [26, 27] . CCs carry pyruvate, lactate, and products of the cholesterol biosynthetic pathway to the oocyte via gap junctions [18, 51] . These molecules are metabolized to produce adenosine triphosphate (ATP) via the tricarboxylic acid cycle (TCA) and oxidative phosphorylation, which is the predominant pathway for ATP generation [51, 53] . Within the COC, other pathways are also responsible for a small proportion of glucose metabolism, including the pentose phosphate pathway (PPP) and the hexosamine biosynthesis pathway (HBP). The PPP importantly contributes to maturation by generating substrates for purine synthesis and maintaining the redox state. The HBP is responsible for generating substrates that are important for matrix production and cumulus expansion [53, 54] . Thus, once the oocyte and CCs resemble one another in terms of metabolism, any metabolic alteration in the somatic follicular cells may also affect the oocyte's development [53] . For example, glucose concentrationdependent effects may perturb nuclear and cytoplasmic maturation [53] . A low-glucose environment seems to affect nucleic acid synthesis and energy production by decreasing the PPP, the HBP, and glycolysis, as observed in mouse oocytes [54] , reducing cytoplasmic maturation, the resumption/ completion of nuclear maturation, and granulosa cell mucification [53] . In contrast, a high-glucose environment has been associated with increased production of reactive oxygen species (ROS), increased activity of the HBP, and decreased concentrations of reduced glutathione (GSH, an antioxidant) [55] . Thus, pathologic conditions that alter the metabolic balance, such as obesity and diabetes mellitus, may have negative repercussions on the follicular environment [53] .
Influence of follicular fluid on oocyte quality
FF is produced by granulosa cells during the later phases of secondary follicle development [56] ; it is in intimate contact with the COC and is comprised of a plasma exudate and secretory products from granulosa cells (mural and CCs) and thecal cells [56] . The main components of FF are steroid hormones, metabolites, polysaccharides, proteins, ROS, and antioxidants [57] . The components of FF may be directly altered by hormonal, paracrine, and autocrine signaling pathways, and they may be indirectly altered by systemic conditions [58] [59] [60] [61] [62] . Such changes in the components of FF have been suggested to influence oocyte quality (from maturation to fertilization), early embryo development, and subsequent pregnancy [60, 63, 64] .
The composition of FF differs from that of serum and undergoes physiological alterations during follicular development [56] , suggesting that it may be adequate to supply the necessities of developing oocytes [65] . Variations in the follicular levels of ROS/antioxidants, hormones, and metabolites have been reported in distinct stages of follicular development [65] . Although ROS are essential for ovulation in mice [66] , excessive ROS levels may cause aberrations in microtubule organization and the chromosomal alignment of metaphase II (MII) meiotic spindles in mouse oocytes [67] [68] [69] [70] .
Hormone concentrations in FF can both directly (via genomic and non-genomic actions) and indirectly (via somatic cells within the follicle) influence oocyte differentiation [65] . Lower concentrations of progesterone and higher concentrations of testosterone were observed in follicles containing germinal vesicle (GV) oocytes compared to MII oocytes [71] . Women undergoing controlled ovarian stimulation (COS) for IVF had lower follicular levels of AMH, testosterone, androstenedione, estradiol, and LH but a higher level of FSH, compared to women undergoing natural cycle IVF, suggesting that COS significantly alters the hormone milieu of FF [72] .
FF also contains metabolites that accumulate within the oocyte and provide the necessary intracellular materials for oocyte differentiation [65] . These metabolites include amino acids, lipids, nucleotides, and other small molecules and are derived from serum and the metabolic activity of follicular cells [56] .
Other molecules fluctuate during follicular development, as summarized in Table 2 . These include GDF-9, BMP-15, amphiregulin, metalloproteinase-2 (MMP-2), and various microRNAs (miRNAs; e.g., hsa-miR-27b, hsa-miR-29b, hsa-miR-139-3p, hsa-miR-339-3p, hsa-miR-451, hsa-miR-483-3p, hsa-miR-520d-3p, hsa-miR-563, hsa-miR-572, hsamiR-630, hsa-miR-663, hsa-miR-720, and hsa-miR-940) [59] (Fig. 1) . During a stimulated ovarian cycle, higher concentrations of GDF-9 in FF were correlated with oocyte nuclear maturation and embryo quality [63] , while higher BMP-15 levels were reported in FF whose oocytes underwent fertilization/cleavage and later exhibited the best (grade I) embryonic morphology [78] . Epidermal growth factor (EGF)-like growth factors, such as amphiregulin, are mediators that propagate the LH stimulus for oocyte maturation. The level of amphiregulin in FF was correlated with increased number of retrieved oocytes, number of formed embryo, and pregnancy rate in women undergoing COS for ART [60] . In addition, a higher concentration of MMP-2 [64] , a zinc endopeptidase family member that can degrade all components of the extracellular matrix [79] , was reported in human FF from groups that had 100% MII oocytes compared to a group with less than 100% MII oocytes [64] . We suggest that MMP-2 contributes to the progression of meiosis, possibly by signaling the oocyte regarding the imminence of ovulation. Consistent with this, upregulation of MMP-2 in FF is required for ovulation in Drosophila [80] . As little is known about this connection in mammals, MMP-2 knockout studies are needed to help us understand the roles of MMP-2 in oocyte maturation and fertility.
MiRNAs are small single-stranded noncoding RNA molecules that act as important regulators of diverse biological processes, including proliferation, differentiation, migration, and apoptosis [81] . Comparison of human FF from MII versus GV oocytes enabled researchers to identify 13 differentially expressed miRNAs, while comparison of FF from MII versus MI oocytes identified seven differentially expressed miRNAs [59] . In silico analysis showed that these miRNAs appeared to target in the GnRH signaling pathway (their potential gene targets included kinases and members of the calcium and MAPK signaling pathways) and thus might modulate the timing of oocyte meiosis and maturation [59] . In the future, studies utilizing animal models should be performed to examine the in vivo effect of those deregulated miRNAs on oocyte maturation. If the alteration of such miRNAs is found to impair oocyte development, researchers could seek to modulate the deregulated pathways in the hopes of developing a therapeutic strategy to address some cases of infertility.
The composition of FF may also be influenced by age. In experimental studies, increased advanced glycation endproducts (AGEs) were observed in FF from older cows compared to younger cows [82] . Moreover, the addition of FF from aged cows to the in vitro maturation (IVM) medium accelerated nuclear maturation, increased the ROS content, promoted abnormal oocyte fertilization, and inhibited blastulation compared to the addition of FF from younger cows [82] . Alterations in follicular miRNA levels have been observed in aged mares (by exosome miRNA profiling) [83] and aged women [84] . Increased concentrations of superoxide dismutase (SOD) [85] , AMH [86] , lactate, and progesterone [87] , and decreased concentrations of catalase (CAT) [85] and glucose [87] were observed in older FF compared to younger FF. The aging process is related to oxidative stress, which can be divided into three distinct stages: increased production of reactive species, the mobilization of antioxidants, and oxidative damage to major targets (lipids, proteins, and nucleic acids) [88, 89] . Decreased CAT activity may indicate exacerbated ROS production; this can promote damage to DNA, proteins, and lipids, thereby compromising ovarian follicle development. On the other hand, increased SOD may be understood as a mobilization of antioxidative forces intended to prevent the damage that may be caused by excessive ROS (second stage). Mitochondria are the main generator of ROS, and Growth differentiation factor 9 (GDF-9) Higher GDF-9 levels in the FF are correlated with oocyte nuclear maturation and high-embryo--quality [63] Bone morphogenetic protein 15 (BMP-15) Higher BMP-15 levels in FF are associated with oocyte fertilization and cleavage and with the best embryo morphology [78] Amphiregulin Amphiregulin levels in FF are positively correlated with the number of available embryos [60] Matrix metalloproteinase 2 (MMP-2) Increased activity of MMP-2 in FF is related to 100% of matured oocytes [63] Tumor necrosis factor α (TNF-α) FFs with higher TNF-α concentration originate poor quality oocytes [74, 75] Interleukins (IL-6, IL-1, IL-15) IL-6 level in FF is associated with decreased chance of clinical pregnancy; higher follicular levels of IL-1 are related to higher chance of embryo implantation after IVF; lower IL-15 levels are related to clinical pregnancy after IVF [76, 91, 93] errors in these organelles can lead to apoptosis, which can compromise follicle development. In older women, decreased follicular glucose levels and increased lactate levels may indicate that follicular glycolysis is upregulated; moreover, excessive levels of lactate can decrease the pH of FF and thus reduce oocyte fertilization [87] . Progesterone levels were found higher in the FF of older women, suggesting that there may be disruptions in their steroidogenesis and CC differentiation. Interestingly, more progesterone is produced by granulosa cells than by CCs in young women, but this pattern reverses with age until CCs produce more progesterone than mural granulosa cells [87] . The mechanisms underlying this alteration are not yet known, but it may indicate that older women experience an incomplete differentiation of CCs that could interfere with overall steroidogenesis. The follicular levels of different kinds of apolipoproteins also vary with age, and this correlates with a lower number of retrieved mature oocytes in intracytoplasmic sperm injection (ICSI) cycles [58] .
Increased inflammatory factors in FF may also disrupt oocyte quality [73, 90] . Higher follicular TNF-α levels are related to poor oocyte quality [74] and fewer fertilized oocytes [75] . Higher follicular interleukin (IL)-6 levels are observed in older IVF patients compared to younger patients, and the IL-6 level has been associated with a decreased chance of clinical pregnancy [76] . The same study also found a linear correlation between FF IL-6 levels and estradiol on the day of hCG administration, but IL-6 did not appear to have any negative effect on parameters of folliculogenesis (e.g., ovarian response) [76] . Thus, we do not yet clearly understand the relationship between IL-6 levels and clinical pregnancy in older women. Higher follicular levels of another interleukin, IL-1, are related to a higher chance of embryo implantation following IVF [91] . IL-1 seems to regulate the expression of the FSH receptor [92] and to be regulated by FSH [77] , but we currently lack a well-designed study assessing the impact of follicular IL-1 on pregnancy success. The levels of the pleiotropic cytokine, IL-15, are decreased in patients who achieve clinical pregnancy compared with patients who do not have a successful IVFembryo transfer outcome [93] . However, no published report has assessed the role of IL-15 in oocyte development. Further studies are needed to investigate the role of follicular cytokines levels in predicting pregnancy after ART.
Oxidative stress in FF can also be related to compromised oocyte quality [3, 61, 82] . For example, high ROS levels and low antioxidant capacity in FF can predict a reduced pregnancy rate in IVF cycles [94, 95] . Our group recently demonstrated that the level of 8-hydroxy-2′-deoxyguanosine (8OHdG) is higher in FF of infertile women with endometriosis compared to other infertile controls, suggesting oxidative DNA damage in this reproductive microenvironment. Such damage may compromise oocyte quality [3] . In the same study, we demonstrated that 8OHdG concentrations higher than 28.02 ng/ml in FF showed a high accuracy to predict clinical pregnancy following COS for ICSI in infertile women with endometriosis [3] .
Role of the vasculature in determining FF constituents and oocyte competence acquisition A growing follicle (comprising somatic follicular cells and the oocyte) is surrounded by a capillary network that is responsible for follicular vascularization. Along with follicular cells, this vasculature constitutes the blood-follicle barrier, which is important for oocyte protection and FF formation [96] .
In the ovarian cortex, angiogenesis is related to follicular development and is independently regulated in each follicle [97] . Primordial and primary follicles receive nutrients and oxygen by passive diffusion from stromal blood vessels; during follicular development, however, the synthesis of vascular endothelial growth factor (VEGF) by granulosa and thecal cells induces the formation of a vascular network between the layers of thecal cells [98] . This focuses the nutrient resources toward the follicle.
Researchers assessed the dynamics of the ovarian blood supply to preovulatory follicles by injecting radioactive microspheres into the ovarian artery of sheep and found that the follicular blood supply was higher at the preovulatory LH surge and fell off near the time of follicular rupture [99] . A study assessing the effect of a progesterone receptor antagonist (RU486) on VEGF expression in follicular cells showed that the progesterone receptor affects VEGF expression through thecal cells, vascularization, endothelial cell proliferation, and the recruitment of perivascular mural cells [100] . VEGF is also essentially regulated by BMP-7; this cytokine, which is mainly expressed in thecal cells [101] , stimulates endothelial cells to form vasculature in the follicle by inducing VEGF expression in granulosa cells and increasing the sensitivity of endothelial cells to VEGF [102] .
In mice, hCG administration causes a 15% enlargement in the pore radius of ovarian follicle capillaries [103] . In equines, nitric oxide (NO) is detectable in preovulatory FFs and its concentration increases after administration of hCG [104] . Thus, we suggest that hCG stimulates NO production in the ovarian follicle and is likely to act on the blood-follicle barrier by increasing capillary permeability. Mice subjected to knockout of the endothelial NO synthase gene (eNOS, which produces NO in the endothelium) showed fewer ovulated oocytes, a lower MII oocytes rate, fewer pups born per litter, and a higher pup mortality rate compared to wild-type mice [105] . Thus, we hypothesize that alterations in NO production and eNOS can contribute to infertility by altering FF composition via errors in capillary permeability, thereby impairing oocyte maturation and ovulation.
The formations of the antrum and FF depend on the presence of an osmotic gradient and the degree of vascular permeability. It is believed that the granulosa cell-derived productions of hyaluronan and versican (a chondroitin sulfate proteoglycan) generate an osmotic gradient, leading to cavity formation [106] . Aquaporins, which are found on the basal and apical surfaces of granulosa cells, allow water to move across cells to form a plasma transudate in follicles [107, 108] .
The vascular endothelium, sub-endothelial basement membrane, thecal interstitium, follicular basement membrane, and granulosa membrane together constitute the blood-follicle barrier [96] (Fig. 1) . Similar to other blood-tissue barriers, the blood-follicle barrier restricts the transcellular transport of solutes and macromolecules based on their molecular sizes; it acts as an important ultrastructure in the ovary by limiting the access of foreign compounds and/or harmful substances to developing follicles [96] and allowing the formation of two distinct compartments that allow the FF and serum to differ in their compositions [3, 58, 62] .
Some studies have assessed the relationship between vascularity and follicular development or oocyte quality. Experiments using Doppler ultrasonography in cows showed that follicles with perifollicular blood flow had a higher chance of producing top-quality COCs compared to follicles without perifollicular blood flow [109] . In women, a positive correlation was observed between the Doppler index of ovarian follicles and oocyte quality and better reproductive outcomes [110] [111] [112] [113] . Furthermore, VEGF levels in FF have been correlated with perifollicular blood flow in patients undergoing COS for IVF [114, 115] .
The protective role of cumulus cells against harmful conditions that affect the follicular environment
CCs play a protective role that critically ensures oocyte competency and thus may be considered to act as both a bridge and a barrier between the oocyte and the extra follicular microenvironment [116, 117] . CCs support the oocyte's needs, but they are also responsible for isolating the gamete from harmful conditions [30, [116] [117] [118] . It has been well established that the proper regulation of lipid content and fatty acids is important for oocyte competency and early embryonic development, as excessive lipid accumulation inside the oocyte can exert toxicity on cell functions [11] . Free fatty acids (FFAs) induce ROS accumulation, which promotes endoplasmic reticulum stress and cell death [119] . In the follicular microenvironment, increased FFAs are associated with poor COC morphology due to lipotoxicity [120] . CCs protect the oocyte against toxic metabolites and thus play an important metabolic function in protecting the developmental competence of the oocyte [118] .
FF may reflect the composition of the plasma, and harmful compounds can accumulate in the FF to influence oocyte maturation. Some reports have described the presence of unhealthy compounds in FF (inflammatory mediators, oxidative stress metabolites, reactive oxygen species, toxins, and others) under pathological conditions [3, 12, 61, [121] [122] [123] [124] [125] [126] [127] . Such compounds may affect the resumption and/or appropriate progression of meiosis, thereby hindering oocyte development [117] . Beyond metabolic protection, CCs also contribute to the enzymatic and nonenzymatic antioxidant defenses that protect the oocyte from ROS [128] and oxidative stressinduced apoptosis [129] . Our group recently demonstrated that infertile patients with stage III/IV endometriosis who achieved clinical pregnancy after COS for ICSI showed higher SOD1 expression in CCs, suggesting that SOD1 may protect the oocyte from oxidative damage [5] .
Under adverse situations, CCs may be unable to protect the oocyte against FF alterations, which can disrupt CC functions and decrease oocyte quality. As an example of this, a study evaluating the ability of ROS (e.g., H 2 O 2 , •OH and HOCl) to overcome the protective functions of CCs and affect oocyte quality found that CCs could neutralize lower concentrations of H 2 O 2 and •OH, but that higher concentrations decreased the number and vitality of CCs, reducing the antioxidant response and rendering oocytes more susceptible to damage [117] . The same study found that any concentration of HOCl negatively affected both oocytes and CCs [117] . These data suggest that when harmful factors exceed the ability of CCs to metabolize and/or neutralize them, such factors may negatively affect the oocyte.
Even pathologic conditions in sites far removed from the ovaries (e.g., infectious and inflammatory processes) may affect the follicle, damage oocyte quality, and decrease fertility [12] . Studies have suggested that toxins, inflammatory molecules, and ROS may all reach the circulation and either enter the oocyte or be metabolized (and thus defended against) by CCs [12, 121, 124] . During the advanced antral phase, when the follicle becomes highly vascularized and the FF mirrors the systemic environment, these molecules may have several particularly important repercussions in the follicle, such as by interfering with the pituitary axis, affecting CCs functions, and dysregulating steroidogenesis [12, 121, 124] .
The effects of age on follicular cells may also contribute to the failure of CCs to protect oocytes against harmful factors. The effects of senescence have been widely studied in female gametes. It is well established that human oocyte quality decreases with age, and changes in functions of somatic follicular cells have been associated with this fertility impairment [130] [131] [132] . Alterations in granulosa cells, such as doublestrand breaks and a reduced ability to repair DNA errors, may be involved in ovarian aging [132] . It is believed that, with aging, increased reactive species production and inappropriate antioxidant defenses may compromise the functions of CCs and oocytes by inducing mitochondrial alterations, reducing ATP production, affecting the meiotic spindle, and promoting genomic instability, leading to oocyte incompetence [2, 133, 134] .
Telomere attrition has also been related to oocyte senescence, and the telomere length of CCs has been proposed as a marker of embryo quality (good quality: grade 1 and 2 embryos, with shaped blastomeres, uniform cytoplasm, and up to 20% fragmentation) [135] . Oocytes may also be affected by the shortening of CC telomeres, which is related to senescence and apoptosis. CCs from older women undergoing IVF seem to exhibit increased apoptosis, and this is related to lower fertilization and pregnancy rates [136] . Moreover, CCs from older women exhibited altered oxidative phosphorylation and increases in the enzymes responsible for the metabolism of amino acids, carbohydrates, and fatty acids [137] . These findings suggest that metabolic alterations in aging CCs may be a compensatory mechanism that counteracts age-related ATP deficiencies, such as those caused by compromised mitochondrial activity and increased oxidative phosphorylation.
Aged oocytes and their surrounding CCs arising from older female animals or women reportedly exhibit alterations in gene expression [137] [138] [139] . In the CCs of older goats, researchers found altered expression of genes related to mitochondrial function, metabolism, apoptosis, and antioxidant defense [138] . In cows, aged FF seems to accelerate nuclear maturation, accelerate the closure of gap junctions between oocytes and CCs, increase ROS, and increase the abnormal fertilization rate of oocytes, as compared with young FF [82] . In human CCs, those of older women showed upregulation of genes involved in cellular energy maintenance and antioxidant defense, and these increases were associated with decreased embryo quality [139] . A recent RNA sequencing study of human CCs showed that senescent cells exhibit activation of gene pathways associated with oxidative stress and hypoxia; this may disrupt intracellular pH and reduce oocyte metabolism [140] . Together, the data suggest that maternal aging may affect crucial functions in surrounding somatic follicular cells, such as by altering antioxidant defenses and perturbing energy metabolism, thereby affecting the meiotic spindle and oocyte competence.
Systemic and pelvic conditions may compromise oocyte quality by interfering with the oocyte environment
Endometriosis
Endometriosis is associated with a higher risk of infertility [141, 142] , but the mechanisms involved in the etiology of endometriosis-related infertility are poorly understood. Some authors have suggested that infertility in women with this disease might reflect decreases in oocyte quality [3, 5, 126, [143] [144] [145] .
Endometriosis is associated with chronic inflammation, and ROS are inflammatory mediators known to modulate cell proliferation [122] . Therefore, some authors have suggested that endometriosis is associated with oxidative stress [122, [146] [147] [148] via a pathophysiology that may be related to an inflammatory response to ectopic endometrial implants [149] . Thus, endometriotic cells might promote oxidative stress by increasing ROS production and/or altering detoxification pathways in the peritoneal cavity [150] . Mansour et al. (2009) demonstrated that peritoneal fluid (PF) from women with endometriosis promotes microtubule and chromosome abnormalities in mature mouse oocytes, and that these effects were reduced when the medium was supplemented with the antioxidant L-carnitine. These findings suggest that substances present in the PF of women with this disease may compromise oocyte and embryo quality, and that oxidative stress is likely to mediate this process [151] . Moreover, the chronic inflammation and oxidative stress in the peritoneal environment of women with endometriosis may be reflected in their systemic circulation [3, 152] . The increased degree of ovarian vascularization at the late stages of folliculogenesis can allow ROS from blood plasma to reach the FF and affect the follicular microenvironment. For example, Singh et al. (2016) found that the serum and FF concentrations of some cytokines and angiogenic factors were correlated in women with endometriosis, and that the levels of IL-8, IL-12, and adrenomedullin (ADM) were negatively correlated with oocyte maturity and embryo quality in these women [153] . Other studies have found evidence of oxidative stress in FF from infertile women with endometriosis [3, 62, 154] . Our group recently demonstrated that FF from infertile women with mild endometriosis has a deleterious effect on the spindle morphology and chromosome distribution of IVM bovine oocytes [144] , and that this effect could be diminished or completely prevented by the addition of antioxidants, especially L-carnitine [145] . This suggests that the oxidative stress in the FF of these women may contribute to compromising their oocyte quality. As mentioned above, our group recently demonstrated that SOD1 expression is significantly higher in CCs from infertile women with moderate and advanced pelvic endometriosis compared to CCs from infertile women with early-stage endometriosis or without the disease [5] . The highest level of SOD1 gene expression was observed in patients with stage III/IVendometriosis who achieved clinical pregnancy after COS for ICSI, suggesting when the expression of the SOD1 gene in CCs is sufficiently high to prevent oxidative damage to the oocyte, oocyte quality is not compromised and the occurrence of clinical pregnancy is favored [5] . Although these data are preliminary and studies with larger sample sizes are needed to better evaluate the external validity of our results, this work offers a good example of a pelvic disease that may impact FF and deleteriously affect oocyte quality when CCs are not capable of protecting the oocyte against oxidative damage.
Pelvic infection
Pelvic infection, as demonstrated by positivity to Chlamydia antibody testing and/or tubal damage, is associated with poor ovarian response (POR) [155, 156] . It is also a risk factor for POR according to the Bologna's Consensus [157] . POR may be an early sign of ovarian aging (i.e., altered oocyte quality) or a reduced ovarian reserve, which is associated with decreased live birth rates following IVF [158] [159] [160] [161] and an increased risk of premature menopause [162] . Hence, ovarian stimulation can be viewed as a dynamic test for the resting ovarian follicular pool [158] , and the size of the cohort of recruitable follicles may reflect the actual resting follicle pool [163] . It is intriguing to question why pelvic infection is a risk factor for POR and whether compromised oocyte quality may contribute to the infertility diagnosed in these women.
No published study has specifically evaluated these questions in women, and the mechanisms underlying the continued infertility that may be seen following resolution of uterine infection and the resultant inflammation remain to be elucidated. A recent review by Bromfield et al. (2015) focused on work in cows and offers some insights [12] . The authors hypothesize that three factors link postpartum uterine infection of dairy cows with infertility, even following clearance of infectious agents: (1) disruption of endocrine signaling and the hypothalamic-pituitary-gonadal axis, (2) negative effects on the ability of the endometrium to support embryonic development and implantation, and (3) ovarian dysregulation resulting in reduced oocyte quality (i.e., reduced abilities to complete meiosis, undergo fertilization, and develop into a viable embryo) [12] . A key relevant change in the ovary is the presence of lipopolysaccharides (LPS) within the FF of diseased cows [164] . Ovarian granulosa cells respond to bacterial LPS in a Toll-like receptor 4 (TLR4)-dependent manner by increasing inflammatory mediators and reducing aromatase and estradiol, leading to impaired oocyte competence [12, 164, 165] . LPS negatively affects the oocytes developing in the dominant follicle. This may explain the infertility seen shortly after infection, but not the long-term infertility seen in animals following uterine infection. Bromfield et al. (2013) proposed that infection also perturbs smaller developing follicles, including primordial-stage follicles, which could affect long-term fertility by compromising the ovarian reserve [166] . In the presence of LPS, primordial follicle activation is increased, enlarging the pool of primary follicles and depleting the primordial follicle reserve [166] . However, the precise mechanisms by which LPS exposure reduces the primordial follicle pool and inhibits the ability of the oocyte to acquire developmental competence remain to be elucidated, and studies evaluating animal models are needed.
Obesity and diabetes
Obesity is associated with infertility and poor ART outcomes [167] . Although the pathophysiology behind these effects is not fully known, some evidence suggests that obesity impairs oocyte quality [168] . For example, analysis of a large dataset from the Society of Assisted Reproductive Technology Clinic Online Reporting System revealed that obese women using autologous oocytes were less likely to achieve a clinical pregnancy than their normal-weight peers, whereas obese women who used donor oocytes had pregnancy rates similar to their normal-weight peers [168] . Research investigating the effects of obesity on human oocytes has shown that mature oocytes from obese women are smaller and have more abnormal spindles and chromosome misalignment than oocytes from women with a normal body mass index (BMI) [169, 170] .
Since adipose tissue is deeply involved in steroid hormone production, obesity may affect oocyte competence and maturation by disturbing the hormones involved in the maturation process [171] . Moreover, the characteristic increased serum insulin concentration and cell insulin resistance in obese women was associated with decreased levels of steroid hormonebinding globulin (SHBG); this increase is associated with upregulations of testosterone, dihydrotestosterone, and androstenediol, which may affect follicular steroidogenesis [172] . Hyperinsulinemia upregulates thecal LH receptors [173] and, together with LH hypersecretion, perturbs ovulation and the resumption of oocyte maturation, compromising oocyte competence in these women [171, 174] .
Within FF, glucose and insulin levels are positively correlated with BMI, offering a link between disordered insulinglucose homeostasis and impaired oocyte quality [175, 176] . Increased glucose levels enhance ROS production, alter the glucose metabolism pathway, and lead to antioxidant deficiency in the follicular environment [55] . Obesity and insulin resistance are frequently related to type II diabetes, which is an endocrine disorder that is characterized by hyperglycemia and hyperinsulinemia [171] . In diabetic obese mice, hyperglycemia is known to affect oocyte development (growth and maturation), promote mitochondrial dysfunction among CCs and oocytes, induce granulosa cell apoptosis, compromise gap junction communication within the COC [10, 177, 178] , and induce metabolic alterations, such as by decreasing the glucose flux in the PPP, affecting purine synthesis and cAMP production [179] .
Elevated levels of FFA in the FF are associated with abnormal COC morphology [120] . The high lipid content in COCs induces lipotoxicity, which affects oocyte mitochondrial membrane potential and promotes CC apoptosis in obese mice, consequently impairing fertilization and natural conception rates [11] . Thus, obesity-related hyperinsulinemia, hyperglycemia, and/or increased FFAs seem to affect COC steroidogenesis and oocyte metabolism and promote meiotic defects, impairing oocyte maturation and competence acquisition.
A recent study in an obese mouse model demonstrated that co-enzyme Q10 (CoQ10), an antioxidant component of the electron transport chain, improved the mitochondrial function of oocytes [180] . CoQ10 acts in mitochondria by regulating beta oxidation, which uses cytosolic FFA to produce acetylCoA, that is a substrate for citric acid cycle, generating NADH.FADH2 to respiratory chain, which produce ATP and generate free radicals. Thus, mitochondrial errors could explain the alterations in the follicular levels of FFA and ROS among obese women. Clinical studies are needed to evaluate the therapeutic potential of CoQ10 in obese women and women with diabetes who present infertility.
Polycystic ovary syndrome
Polycystic ovary syndrome (PCOS) is another metabolic disorder that is related to infertility and may negatively impact the follicular environment to affect oocyte competence. PCOS is frequently associated with obesity, hyperandrogenism, insulin resistance, luteinizing hormone (LH) hypersecretion, and anovulation [181] . These associated conditions may contribute to impairing the follicular balance that is crucial to oocyte development.
Wo m e n w i t h P C O S s e e m t o u n d e rg o a l t e r e d folliculogenesis with arrested small follicles; they can also exhibit an altered follicular hormonal environment [181] [182] [183] , which may interfere with oocyte maturation, metabolism, and competence acquisition. Altered expressions of various transcripts, such as those encoding insulin receptors [175] , IGF-binding proteins and receptors [184] , and genes related to meiotic cell cycle regulation [185] have been observed in CCs from women with PCOS, suggesting that these women experience disturbances or delays in CC maturation and differentiation [185] and/or compromises in CC function [175] . Other studies focusing on CCs from these women found changes in long noncoding RNAs (lncRNAs; e.g., XLOC_011402, ENST00000454271, ENST00000433673, ENST00000450294, and ENST00000432431) [7] , miRNAs (17 were differentially expressed; hsa-miRNA-135b-5p was the most highly upregulated and hsa-miRNA-3940-5p was the only example of downregulation) [186, 187] , and the methylation patterns of specific gene [188] when compared to controls, indicating that these cells undergo epigenetic deregulation. Together, the data indicate that the CCs from women with PCOS exhibit various alterations that are likely to negatively affect oocyte development.
PCOS is a complex condition, with patients showing different degrees of obesity, dyslipidemia, insulin resistance, abnormal glucose metabolism, metabolic syndrome, and other metabolic abnormalities [189] that may interact to interfere with the follicular environment. In this sense, obese PCOS patients with hyperinsulinemia and impaired glucose tolerance have decreased fertilization and implantation rates compared to non-obese women with PCOS [190] . Moreover, hyperandrogenism is intimately related to the metabolic disorders in PCOS patients: androgen may directly or indirectly alter glucose metabolism, increase FFA formation, and inhibit intrahepatic insulin clearance, leading to insulin resistance [191] . When researchers evaluated the intermediate metabolites of FF from classic PCOS patients, they found that these molecules were altered by hyperandrogenism but not obesity [8] . Evaluation of CCs from these patients revealed the presence of mitochondrial dysfunction, imbalanced redox potential, and increased oxidative stress [8] , suggesting that their defenses against ROS were compromised.
Finally, CCs from PCOS patients were found to exhibit increased levels of ribosomal RNA compared to CCs from healthy women; this suggests that CCs from PCOS patients undergo activation of ribosomal gene expression, which may disturb oocyte-CCs communication [192] .
Conclusions
The healthy Graafian follicle is the result of a protracted developmental process designed to achieve two functions: (1) support the acquisition and maintenance of a developmentally competent oocyte and (2) fulfill the steroidogenic demands of the follicular and luteal phases of the menstrual cycle. CCs and FF directly contribute to oocyte quality, together forming a niche that protects the gamete against local or systemic pathologic conditions capable of compromising its developmental potential. Here, we reviewed how CCs and FF may help maintain follicular health and how oocyte quality may be impacted by systemic conditions, including obesity, diabetes, and PCOS, or those of pelvic origin, such as endometriosis and pelvic/STD infections. We addressed a set of intrafollicular properties that may be negatively impacted during folliculogenesis and predicted their consequences with respect to the acquisition and maintenance of oocyte developmental competencies. For example, alterations in the physicochemical and cellular status of FF are suggested to trigger a series of downstream events that may contribute to imbalanced steroidogenesis, inhibited luteinization, and disruption of the symbiotic oocyte-CCs relationship that determines oocyte quality. Despite the extensive literature that we reviewed herein, however, some of the available knowledge is incomplete and we must be careful in interpreting the data. Our current challenge is to connect the crucial findings obtained from experimental, animal, and in vitro studies and to reflect on how clinical conditions may impact follicular health. Understanding the complex interplay between homeostatic and pathologic processes should provide a practical framework for designing clinical interventions that are well suited for the patient-specific management of infertility. Further studies investigating new therapies that can modulate the mechanisms (e.g., oxidative stress, altered gene expression, epimutation, pathway deregulation, metabolic imbalance, and disrupted follicular homeostasis) that appear to decrease oocyte quality in the discussed clinical conditions will help us determine better and individualized approaches for improving the natural fertility of such patients.
